Although an immunoregulatory role of aryl hydrocarbon receptor (Ahr) has been demonstrated in T cells and macrophages, little is known about its function in dendritic cells (DC). Here, we show that lipopolysaccharide (LPS) and CpG stimulate Ahr expression in bone marrow-derived dendritic cells (BMDC). Furthermore, we found that Ahr is required to induce indoleamine 2,3-dioxygenase (IDO) expression, an immunosuppressive enzyme that catabolizes tryptophan into kynurenine (Kyn) and other metabolites in DC. In the presence of LPS or CpG, Ahr-deficient (Ahr 
Contributed by Tadamitsu Kishimoto, September 29, 2010 (sent for review June 24, 2010) Although an immunoregulatory role of aryl hydrocarbon receptor (Ahr) has been demonstrated in T cells and macrophages, little is known about its function in dendritic cells (DC) . Here, we show that lipopolysaccharide (LPS) and CpG stimulate Ahr expression in bone marrow-derived dendritic cells (BMDC). Furthermore, we found that Ahr is required to induce indoleamine 2,3-dioxygenase (IDO) expression, an immunosuppressive enzyme that catabolizes tryptophan into kynurenine (Kyn) and other metabolites in DC. In the presence of LPS or CpG, Ahr-deficient (Ahr T he precise regulatory mechanisms governing the generation of regulatory T (Treg) cells and IL-17-producing helper T (Th17) cells in response to Toll-like receptor (TLR) activation are not fully understood. Differentiation of naive T cells into Treg and Th17 cells is regulated by a combination of extracellular cytokines and intracellular transcription factors. Aryl hydrocarbon receptor (Ahr), a ligand-activated transcription factor that mediates dioxin toxicity, has recently emerged as an important factor in the regulation of immune responses (1) . Ahr belongs to the PER-ARNT-SIM superfamily of proteins (2, 3) . Cytoplasmic inactive Ahr forms a complex with the chaperone Hsp90 and the cochaperones Ahr-interacting protein and phosphoprotein p23 (4) (5) (6) . Ahr ligands, such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), diffuse into the cell and bind to the cytosolic Ahr complex, leading to translocation of the ligand−Ahr complex into the nucleus. In the nucleus, ligand−Ahr complexes dimerize with Ahr nuclear translocator and bind to dioxin response elements in the promoters of target genes, including those that encode cytochrome family proteins and Ahr repressor (7, 8) . Ahr activation by TCDD causes various toxic responses, including cellular damage and carcinogenesis (9, 10) . It was previously reported that Ahr activation by TCDD or the UV photoproduct of tryptophan 6-formylindolo [3,2-b] carbazole induces the development of Foxp3 + Treg or Th17 cells, respectively (11) (12) (13) . In line with these results, our group demonstrated that Ahr activation in T cells by IL-6 plus TGF-β and in macrophages by such TLR ligands as lipopolysaccharide (LPS) promotes Th17 cell differentiation by regulating the activation of signal transducer and activator of transcription 1 (Stat1) and the expression of proinflammatory cytokines, including IL-6, TNF-α, and IL-12 (14, 15) .
In addition to macrophages, dendritic cells (DC) serve as professional antigen-presenting cells (APC) that induce the differentiation of naive T cells into effector T cells (16) . The immunoregulatory roles of Ahr in DC, however, are not fully understood. Among the specialized subsets of DC, regulatory DC (DCreg) play a pivotal role in immune responses by regulating a complex cytokine network. DCreg can be divided into immunogenic and tolerogenic DC, although no distinguishing marker is currently available (17) . The functions of DCreg in T-cell activation are mainly mediated by regulatory factors, such as IL-10 and indoleamine 2,3-dioxygenase (IDO) (18) . IDO is an immunosuppressive enzyme that consumes oxygen and catalyzes the essential amino acid tryptophan (Trp) into kynurenine (Kyn) (Fig. S1 ). These subsequent metabolites along this metabolic pathway-collectively referred to as kynurenines-are created by downstream enzymes that are specifically expressed in different cell types (19) . IDO activity is induced in APC by IFN-γ, LPS, and CpG (20) (21) (22) (23) (24) (25) . The resulting reduction in Trp levels limits the growth of microorganisms and inhibits T-cell proliferation. In addition, Kyn causes apoptosis of effector T cells, most notably Th1 cells (26) (27) (28) , whereas the combined effect of Trp starvation and Kyn production induces Treg cell development (29) .
Previous reports showed that Ahr signaling is required for the expression of IDO in DC (30, 31) . These studies, however, did not examine how Ahr in DC regulates the differentiation of Th cell lineages, such as Treg and Th17 cells. In addition, aromatic amino acids (e.g., Trp) can serve as Ahr agonists to promote Th17 differentiation (32) . These studies suggest that interactions between Ahr and IDO are crucial for modulating immune responses. Interestingly, kynurenines have been demonstrated to be effective in the treatment of several Treg cell-mediated autoimmune conditions, such as experimental murine autoimmune encephalomyelitis and collagen-induced arthritis (33, 34) . The roles of Ahr-induced signaling in these murine disease models are, however, unknown.
In the current study, we test the hypothesis that LPS and CpG activate Ahr in bone marrow-derived dendritic cells (BMDC), and thereby regulate IDO expression and DC function to drive the differentiation of naive T cell into Treg and Th17 cells. 
Results
Ahr Is Expressed in Response to LPS or CpG Stimulation in BMDC. We previously reported that Ahr contributes to Th17 cell generation from naive T cells that have been stimulated with IL-6 and TGF-β (14) . In macrophages, Ahr expression is induced by LPS stimulation, and an absence of the protein in Ahr −/− mice augments IL-6 levels, leading to increased LPS sensitivity (15) . The roles of Ahr in DC, however, are not fully understood. Therefore, we investigated Ahr expression in DC in the presence of TLR4-LPS or TLR9-CpG signaling. BMDC from WT mice were stimulated with LPS or CpG for 24 h. Quantitative real-time PCR (qPCR) and Western blot analysis revealed that Ahr was not constitutively expressed in BMDC, whereas both LPS and CpG stimulated Ahr expression in these cells ( Fig. 1 A and B) . The Ahr was also expressed in splenic DC stimulated with LPS or CpG for 24 h (Fig. S2B) . supernatants were harvested after 24 h. Levels of IL-6, TNF-α, IL-12p40, TGF-β1, and IL-10 were measured using ELISA. Data show mean ± SD from three independent experiments. **P < 0.01; ***P < 0.005. complete RPMI medium 1640 plus L-Trp (100 μM). Cells were then stimulated with LPS or CpG, and culture supernatants were harvested after 18 h. Kyn levels were measured in culture supernatants using a colorimetric assay. Data show mean ± SD from three independent experiments. *P < 0.05; n.s., not significant.
WT BMDC stimulated with LPS were higher than that in culture supernatant of Ahr −/− BMDC. In a previous study, Kyn was not detected in culture supernatant of WT BMDC stimulated with CpG due to high-affinity uptake of BMDC to Kyn (38). We detected a low level of Kyn in culture supernatant of CpGstimulated WT BMDC, however.
Ahr in DC Regulates the Generation of Treg and Th17 Cells from Naive T Cells. IDO + DC play an important role in immune tolerance, a process that involves Treg cell development (20, 21) . We previously reported that an absence of Ahr in T cells significantly impaired Treg cell development (14) . Here, we determined whether Ahr activation in DC participates in the differentiation of naive T cells into various Th cell lineages. To accomplish this goal, we used an in vitro BMDC-T cell-coculture system. WT and Ahr −/− BMDC were stimulated with LPS or CpG for 24 h. Naive T cells were isolated from WT mice and cocultured with the stimulated WT and Ahr 
−/− BMDC than in those containing WT BMDC (Fig. 4B) .
As shown in Fig. 3B , Kyn levels were reduced in Ahr −/− BMDC. Compared with CpG, LPS stimulated WT BMDC to produce more Kyn. Nevertheless, even the low levels of Kyn produced by CpG-stimulated WT BMDC may regulate DC function. Moreover, Kyn has been shown to restore the regulatory functions of DC lacking functional IDO (39) . Thus, we hypothesized that reduced Kyn levels caused by an absence of IDO in LPS-or CpGstimulated Ahr −/− BMDC inhibit Treg cell generation from naive T cells. To test this hypothesis, synthetic L-Kyn was added to the BMDC-T cell-coculture system. At a concentration of 50 μM, LKyn did not affect T-cell viability (Fig. S3) . Interestingly, exogenous Kyn reversed the generation of Treg cells from naive T cells. As shown in Fig. 4A, (Fig. 4B) .
We quantified IL-17 levels in coculture supernatant using ELISAs. IL-17 levels were higher in Ahr −/− BMDC-T cellcocultures compared with WT BMDC-T cell-cocultures (Fig. 4C) . Absence of Ahr in DC Promotes Naive T-Cell Proliferation. We found that Ahr was involved in regulation of the differentiation of naive T cells into Treg and Th17 cells (Fig. 4) . A previous report showed that IDO-induced Trp metabolites in macrophages affect T-cell proliferation (40) . Because Ahr is required for IDO expression, we asked whether the proliferation of naive T cells was affected by an absence of Ahr in BMDC stimulated with LPS or CpG. We assessed T-cell proliferation using a carboxyfluorescein diacetate succinimidyl ester (CFSE) dilution assay. Naive T cells were labeled with CFSE and cocultured with LPS-or CpG-stimulated WT or Ahr −/− BMDC. After 4 d coculture, the dilution of CFSE in labeled T cells was determined using FACS analysis. The proliferation of naive T cells was promoted in Ahr −/− BMDC-T cellcocultures compared with WT BMDC-T cell-cocultures (Fig. 5) . Addition of L-Kyn to the Ahr −/− BMDC-T cell-cocultures inhibited naive T-cell proliferation. Thus, our data suggest that an absence of Ahr in DC promotes the proliferation of naive T cells, a process that likely reflects inhibition of Treg cell development and a lack of Kyn production.
Discussion
Although Ahr has been studied for many years as a receptor for environmental contaminants, this transcription factor has recently become an attractive research topic for immunologists investigating its roles in the immune system (41) . Indeed, several groups have recently revealed significant evidence of a role for Ahr in immune response regulation via dioxin receptors (12) (13) (14) (15) . Our data here demonstrate a previously unknown role for Ahr in modulating the function of DCreg by inducing naive T-cell differentiation into Treg and Th17 cells in the presence of such pathogenic stimuli as LPS and CpG.
Many endogenous and exogenous ligands activate Ahr, including UV photoproducts of Trp and halogenated dioxin (41) . Furthermore, TLR ligands and cytokines are potent Ahr agonists in various cell types. Ahr activated in T cells in response to IL-6 plus TGF-β, and in macrophages in response to LPS stimulation was shown to participate in Th17 cell development (14, 15) . Here, we have shown that LPS and CpG stimulate Ahr expression in BMDC (Fig. 1) . In mice, immature DC are activated via the TLR-4 ligand LPS or the TLR-9 ligand CpG to become mature DC (42) . Mature DC produce cytokines that regulate the differentiation of naive T cells into various Th cell subsets. CD4 + Th cell subsets, such as Treg and Th17 cells, contribute to both tolerance and autoimmunity. Mature BMDC produce such pleiotropic cytokines as IL-6, TNF-α, IL-12, and IL-10 to activate naive T cells. We showed that an absence of Ahr in BMDC or splenic DC impairs the secretion of IL-10 ( Fig. 2 and Fig. S2C ). We also found that IL-10 production was inhibited in WT BMDC stimulated with LPS or CpG in the presence of such Ahr antagonists as CH-223191 or resveratrol (Fig. S4) . We speculated that reduced IL-10 production by Ahr −/− BMDC or splenic DC negatively affects tolerance, shifting conditions to a proinflammatory state. Taken together, the results show that Ahr plays an anti-inflammatory role in BMDC and splenic DC.
The function of Ahr in BMDC and in peritoneal macrophages is different (15) . The induction of Ahr expression in BMDC by either LPS or CpG stimulation was similar to results observed in macrophages. However, Ahr deficiency did augment LPSinduced proinflammatory responses in macrophage but not in BMDC (15) . The inhibition of IL-10 production was observed in LPS-stimulated Ahr −/− macrophages, BMDC, and splenic DC (15) . Interestingly, however, the inhibition of IL-10 production was observed in CpG-stimulated Ahr −/− BMDC and splenic DC but not in CpG-stimulated Ahr −/− peritoneal macrophages. IDO is expressed in monocytes/macrophages or DC in response to LPS or CpG stimulation to modulate inflammatory responses (37, 43) . IDO expression is induced in the presence of TLR ligands or inflammatory cytokines through either an IFN-γ−dependent pathway via STAT1α and IRF-1 or an IFN-γ−independent pathway via NF-κB and p38 MAPK (23). Vogel et al. showed that Ahr expression in response to TCDD mediates IDO expression in DC in vitro or in the spleens and lungs of mice in vivo (30) . We have demonstrated that, in addition to LPS and TCDD, CpG also induces IDO expression in WT BMDC but not in Ahr −/− BMDC (Fig. 3A) . We further investigated the roles of WT and Ahr −/− BMDC in naive T-cell activation. Trp starvation and kynurenines were previously shown to convert naive T cells into Treg cells, which help to prevent autoimmune disease (29, 44) . In this study, we demonstrated that an absence of Ahr in BMDC skews naive T-cell differentiation away from a Treg cell fate (Fig. 4A) . Pre- (46) . In our results, however, we found that Ahr −/− BMDC skewed the differentiation of naive T cells toward a Th17 cell fate, possibly due to an inhibition of Treg cell development (Fig. 4B) . We hypothesized that inhibition of Treg cell development in the absence of Ahr in DC disrupts Th17 cell generation from naive T cells. Therefore, the Ahr-dependent mechanism that triggers the generation of Treg and Th17 cells requires further study. The role of Ahr in regulating Th17 cell development has been previously reported (13, 14) . Th17 cells respond to extracellular bacteria, mediate inflammation, and cause pathologic effects in certain autoimmune diseases. Imbalance in the ratio of Treg cells to Th17 cells dysregulates lymphocyte activation and immune responses, which may contribute to various autoimmune disorders. Moreover, inhibition of Treg cell development due to an absence of Ahr in DC seems to promote naive T-cell proliferation (Fig. 5) .
Deficiencies in IDO activity impair Trp degradation, and consequently disrupt immune tolerance (43 (29, 49) . In our BMDC-T-cell coculture system, synthetic L-Kyn inhibited naive T-cell differentiation into Treg cells.
In summary, we have identified a previously uncharacterized role for Ahr in regulating tolerogenic or immunogenic activities of DC in the presence of LPS or CpG. We have also demonstrated that an absence of Ahr in stimulated BMDC skews naive T-cell differentiation toward Th17 cells and away from Treg cells, possibly due to a lack of Kyn. However, the precise mechanism of how Kyn is able to induce Foxp3 and inhibit IL-17 needs further investigation. Our findings underscore the potential for therapeutic targeting of the link between Ahr and kynurenines in the treatment of immune cell-mediated inflammatory diseases.
Materials and Methods
Mice. C57BL/6J WT mice were obtained from CLEA. Ahr −/− males and Ahr −/+ females (C57BL/6J background) were provided by Yoshiaki Fujii-Kuriyama (University of Tsukuba, Tsukuba, Japan), kept and mated in our laboratory to generate Ahr −/− mice. To identify homozygous Ahr −/− mice, newborn mice were genotyped using PCRs performed with DNA obtained from the tails and specific primers. WT and Ahr −/− mice 6-8 wk old were used for these experiments. All mice were maintained under specific, pathogen-free conditions. All animal experiments were performed in accordance with protocols approved by the Institutional Animal Care and Use Committees of the Graduate School of Frontier Biosciences, Osaka University.
BMDC Generation and Stimulation Conditions. BMDC were generated from WT and Ahr −/− mice as follows. Briefly, bone marrow cells were flushed from tibiae and femurs of 6-to 8-wk-old C57BL/6J WT and Ahr −/− mice. The total bone marrow cells were counted (Fig. S5A) . Then, 2 × 10 7 cells were seeded in 150-mm diameter cell culture dishes (Corning) in 30 mL RPMI medium 1640 (Sigma) supplemented with 10% FCS, 100 μg/mL streptomycin, 100 U/mL penicillin G, and 2.5 mM β-mercaptoethanol (complete RPMI medium 1640). On day 3, 30 mL complete RPMI medium 1640 containing 10 ng/mL GM-CSF (Peprotech) was added to the dishes. On day 6, 30 mL culture was removed and centrifuged. The pellet was resuspended in 30 mL fresh complete RPMI medium 1640 containing 10 ng/mL GM-CSF and returned to the same dish. On day 9, more than 80% of the nonadherent and loosely adherent cells expressed CD11c. BMDC were purified using a MACS column and CD11c MicroBeads (Miltenyi Biotec) and ≈90% of the purified BMDC were CD11b + and CD11c + (Fig. S5B ). BMDC were seeded in 10 mL complete RPMI medium 1640 (5 × 10 6 cells/mL) and stimulated for 24 h with or without LPS (1 μg/mL; Sigma), phosphorothioate-modified CpG-ODN (CpG) (1 μM; Gene Design Inc.), and TCDD (160 nM; Cerilliant) as indicated. Stimulated BMDC were considered mature if they expressed high levels of MHC class II and CD86 (Fig. S5C) .
qPCR. Total RNA was prepared by RNeasy (Quiagen) according to the manufacturer's protocol. Reverse transcription of mRNA was performed in a thermal cycler (Applied Biosystems). The mouse Ahr probe (Gene Expression Assays: Mm00478930_m1, Applied Biosystems) and mouse IDO probe (Gene Expression Assays: Mm00492586_m1, Applied Biosystems) were used. For reference, we quantified mouse GAPDH (Applied Biosystems). The qPCR was carried out in an ABI PRISM 7900 HT (Applied Biosystems). Cycling conditions were 50°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. We applied the comparative ΔΔCt method normalized to GAPDH for IDO and Ahr mRNA quantitative analysis. The value of unstimulated cells was set at one and was used to calculate the fold change in stimulated cells. Intracellular Cytokine and Foxp3 Staining. After cocultured with LPS-or CpGstimulated BMDC, T cells were stimulated with 50 ng/mL PMA (Calbiochem) and 800 ng/mL ionomycin (Calbiochem) for 5 h. GolgiStop (BD Pharmingen) was added for the last 2 h. Samples were then fixed and permeabilized with Cytofix/Cytoperm (BD Pharmingen). Cells were intracellularly stained with PEconjugated anti-IL-17 antibodies (eBioscience) and FITC-conjugated anti-IFN-γ antibodies (eBioscience). For Foxp3 staining, T cells were fixed and permeabilized in Fixation/Permeabilization buffer (eBioscience) for 30 min at 4°C before intracellular staining with FITC-antimouse Foxp3 antibodies (eBioscience). FACS was performed with a Cytomics FC500 system (Beckman Coulter).
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Statistical Analysis. Student t tests were used to analyze data for differences, and P values <0.05 were considered to be significant.
